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on the efficiency and power to be considered before constructing. Related equations for design process 
and selecting PV cells are represented and discussed. Solar irradiance is not monotonic during the flight. 
Hence, components and algorithms for designing a MPPT (Maximum Power Point Tracker) device from 
Keywords: perspective of being utilized in solar-powered aircrafts are investigated. Furthermore, heat transfer on 
Solar powered aircraft the cells of the wings and its influence on the efficiency is discussed which can help to make up the 
Fhotovoltatc cell power reduction caused by covering and deviation from tilt angle of the cells. 
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Nomenclature 

Voc open-circuit voltage (V) 

Isc short-circuit current (A) 

I1(Go) current at constant sun intensity (A) 
Ivc) current at various irradiance levels (A) 
Is reverse saturation current (A) 

Q electric charge (c) 

K Boltzmann constant (J/Ko) 

kr mounting coefficient 

Go sun intensity (kW/m?) 

G irradiance (kW/m?) 

Gpoa instantaneous plane-of-array irradiance 
Tak maximum irradiance in a day 

Ac irradiance level (W/m?) 

Asc surface of solar cell (m?) 

Tc cell temperature 

T absolute temperature 

Ta ambient temperature 

Tp temperature on PV back surface 

AT temperature difference 

Y width (m) 

Nr standard reference efficiency 

Nwthr weather clearness coefficient 

Ncamber Cambered shape coefficient 

Msc efficiency solar cell 

Nmpp efficiency of the maximum power point tracker 
FF fill factor 


Eday density daily solar energy density 

Elec total electric energy (W) 

NOCT normal Operation Cell Temperature 

h convection heat transfer coefficient (W/m? K) 
Nyree free convection heat transfer coefficient (W/m? K) 
hforce force convection heat transfer coefficient (W/m? K) 
K conduction heat transfer coefficient (W/m? K) 
L length of the surface (m) 

V wind speed (m/s) 

Re Reynolds number 

nu Nusselt number 

q" cond conductive heat transfer 

q" rad radiation heat transfer 

"conv. convection heat transfer 

a absorption coefficient 

T transmission coefficient 

Taay day length (h) 

0 angle 

Kmppt mass to power ratio of the MPPT (kg/W) 
Prossycense Voltage sensing power loss 

Prossione Current sensing power loss 

Peonduct Conduction loss 

Peq-cap diode equivalent capacitance power loss 

Pegate gate power loss 

Pinde inductors power loss 

Kmppt mass to power ratio of the MPPT 

Mmppt | Mass of the MPPT 


1. Introduction 
1.1. Employing solar energy for flight 


Solar cells or photovoltaic (PV) cells, as devices of converting 
solar energy into electricity, were produced in the late 1950s, and 
throughout the 1960s were exclusively used to provide electrical 
power for earth-orbiting satellites [1]. Gradually as a result of 
technology advances, serious environmental awareness, growing 
electricity demands and limited fossil resources sun harnessing 
became a chief role player in the humanities search for clean 
energy. Today, the industry’s production of PV modules is grow- 
ing at approximately 25 percent annually [1]. Applying solar 


Table 1 
Efficiency and technology advances of solar cells [2]. 


Module Technology Efficiency (%) 


Sun power 315 Mono-Si, special junction (sp. j.) 19.3 


Sanyo HIP-205BAE CZ-Si, HIT, sp. j. 17.4 
BP7190 CZ-Si, sp. j. 15.1 
Kyocera KC200GHT-2 MC-Si, standard junction (std. j.) 14.2 
Solar world SW 185 CZ-Si, std. j. 14.2 
BP SX3200 MC-Si, std. j. 14.2 
Suntech STP 260 S-24 V/b MC or CZ-Si, std. j. 13.4 
Solar world SW 225 MC-Si, std. j. 13.4 
Evergreen solar ES 195 String-ribbon-Si std. j. 13.1 
Wurth solar WS11007/80 CIGS 11 

First solar FS-275 CdTe 10.4 
Sharp NA-901-WP a-Si/nc-Si 8.5 
GSE Solar GSE120-W CIGS 8.1 
Mitsubishi heavy MA100 a-Si, single junction 6.3 
Uni-solar PVL136 a-Si, triple junction 6.3 
Kaneka T-SC(EC)-120 a-Si single junction 6.3 
Schott solar ASI-TM86 a-Si/a-Si same bandgap tandem 5.9 
EPV EPV-42 a-Si/a-Si same bandgap tandem 5.3 


energy for flight is one of the most promising utilizations of 
renewables which has attracted many researches nowadays. 
Solar-powered aircrafts can be employed for high altitude com- 
munication platforms, border surveillance, forest fire fighting and 
power line inception. They can also be used as an alternative to 
supersede scientific, environmental and communication satellites 
or to be used for monitoring crops as well as civil applications. 

Obtaining sufficient flight power is hand in hand with select- 
ing PV cells in an appropriate way and considering weight and 
efficiency is a key to a high endurance flight in solar-powered 
aircrafts. Different technologies and materials are employed to 
gain higher efficiencies as well as cost-effectiveness of solar cells 
up to now, which is evident in Table 1 provided by the National 
Energy Renewable Laboratory (NERL), USA, using the highest PV 
modules efficiency data existed on manufacturers’ web site in 
April 2008 [2]. But it is still essential to improve PV cells and 
investigate higher efficiency conditions to employ them more 
widely in higher availability and performance. 


1.2. Environmental and meteorological effective factors on the 
efficiency 


Efficiency of a solar cell depends on many environmental 
features and weather parameters such as humidity, wind speed, 
dust, temperature, shading, tilt angle, azimuth plane angle, sun 
intensity, etc. Throughout the literature, influence of these para- 
meters on the efficiency has been the subjects of a number of 
investigations. The sun intensity is considered as an obvious 
influential factor on efficiency. In summer and spring, due to 
more intensity of the sun, a solar cell is more able to kick lose its 
electrons from the parent atoms, and it is also because of this 
factor that it performs better in the sunnier areas. It is showed 
that humidity causes irradiance degradation, and lower efficiency 
is resulted in its presence [3-5]. Dust caused efficiency reduction 
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of 1% with a peak of 4.7% in a 2-month period [6] and 32% 
reduction in a 8-month time [7] in USA and Saudi Arabia 
respectively. Wind for causing convection heat transfer, as well 
as lowering relative humidity and temperature, is a pleasant 
factor to gain higher efficiency. This is effective especially when 
the cells are arrayed on a speeding object such as the wings of a 
solar-powered aircraft. But on the other hand, dust lifting by the 
wind leads to shading and occurrence of efficiency reduction [8]. 


1.11eV: CdTe 
1.53eV 


InP 
1.35eV 


2.0 25 30 35 4.0 
InP „GaAs 


Efficiency, n (% 


0.4 0.8 1.2 1.6 2.0 2.4 
Bandgap Energy, E (eV) 


Fig. 1. Dependency of the band gap, temperature and efficiency [18]. 


irradiance 


Voc Y 


As a characteristic of semiconductors, solar cells are sensitive 
to temperature. A part of photo-voltaic energy which is not 
converted into electricity will appear in the heat form of energy 
in solar cells and elevates temperature of the cell. In the earlier 
studies and contrary to popular belief, it is showed that the 
efficiency of solar cells degrades with the increasing temperature 
[9-15]. The reason is that high temperature increases the con- 
ductivity of semiconductors. Properties of a semiconductor define 
its suitability for being used in PV cells. One of these properties is 
the so-called band gap, which is the energy gap an electron must 
cross in order to be promoted from the valence band to the 
conduction band. Increase in temperature reduces the band gap of 
a semiconductor [16,17]. Fig. 1 illustrates the dependency of band 
gap, temperature and efficiency with respect to the content 
elements of solar cells in standard test conditions (STC) [18]. 


2. The characteristics of conversion efficiency, electricity 
analysis 


Short-circuit current Is and the open-circuit voltage Vəc are 
two important parameters of the nonlinear IV curve for a PV 
module. In Fig. 2, the point at which a curve intersects the vertical 
axis is known as the short circuit condition, and it defines how 
the cell operates if a wire is connected between its terminals, 
shorting it out. The current flow here is known as the short-circuit 
current, Is. For an ideal solar cell at most moderate resistive loss 
mechanisms, the short-circuit current and the light-generated 
current are identical. Therefore, the short-circuit current is the 
largest current which may be drawn from the solar cell. The point 
at which a curve intersects the horizontal axis is known as the 
open circuit condition. The open-circuit voltage, Voc, is the max- 
imum voltage available from a solar cell, and this occurs at zero 
current. The open-circuit voltage corresponds to the amount of 
forward bias on the solar cell due to the bias of the solar cell 
junction with the light-generated current. Və depends on the 
saturation current of the solar cell and the light generated 
current. Open-circuit voltage is then a measure of the amount 
of recombination in the device [19]. Isc and Voc change with the 
incident solar irradiance and with the ambient air temperature T4. 
The short-circuit current is approximately proportional to the 
incident solar irradiance and the open-circuit voltage increases 
just a little when the solar irradiance increases. On the other 
hand, it is important to note that Və: decreases with increasing 
module temperature which leads to a noticeable decrease in the 
available maximum electrical power, in spite of a small increase 
of the short-circuit current Isc [20,21]. As discussed, effective 


Fig. 2. I-V curve for a PV cell. 
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parameters on a PV cell have an interplay and depend on the 
conditions. It is therefore possible that a single solar cell’s perfor- 
mance varies widely depending on its location. So, the nominal 
power of a solar cell is generally expressed in Wattpeak (Wp), 
which represents its efficiency under laboratory conditions (stan- 
dard test condition (STC)). These conditions are set at a tempera- 
ture of 25°C, light travel distance of 1.5 air mass and a light 
intensity of 1 kW/m. But this theoretical limit is almost never 
reached in an outdoor online device. Current and voltage play 
an important role in the I-V curve and therefore in maximum 
power point tracking of solar cells. The I-V characteristic equa- 
tion (diode equation) is given below where k is the Boltzmann 
constant [22]. 


1=1,-I,(e#-1) (1) 


In the above equation, q=1.6 x 107 1° colon, k= 1.38 x 107? (J/Ko) 
and I, is the reverse saturation current which depends on the tem- 
perature and cell current at various irradiance levels can be calcu- 
lated by the following equation [22]. 


G 
Ge (=) iG (2) 


where Go will be the sun intensity equal to 1 kW/m, AM 1.5 and 
I,(Go) is the cell current at Go. To calculate the open circuit voltage 
which is logarithmically depended on cell illumination Eq. (3) can be 
employed [23]: 


kT lı kT I, 
Voc = —In +1) x in( ) 3 
“= (7 Cn% 3) 


where k, T and q are the Boltzmann constant, absolute temperature 
and electronic charge respectively. Using the following equation 
maximum power extracted from a PV cell can be found where fill 
factor (FF) shows the quality of the solar cell [24]. 


Pmax = (Imax) (V max) = (FF) (Isc) (Voc) (4) 


And the conversion efficiency of a solar cell is formulated as 
follows in Eq. (5). 


Isc-max . Voc—max 
q= Ac(irradiance level) ©) 
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According to the mentioned equation to maximize the effi- 
ciency of a solar cell, the defined Ise Vo- and FF should be 
boosted up. 


3. Maximum power point tracker (MPPT) 
3.1. An introduction on MPPT and battery 


The generated power during the flight of a solar-powered 
aircraft widely depends on load current, temperature, date, the 
time of day, the inclination of the cells with respect to the sun and 
the level of clouding [25,26]. Due to unpredictable nature of solar 
energy, the irradiance and as a result the output power which is 
being drawn from the cells on the wings are not monotonic 
during the flight. In addition, due to the small area of the array to 
be built on the wings, the output voltage is relatively low. On the 
other hand, as it is showed in Fig. 3, different energy consuming 
electric devices should be fed by battery and solar cells during the 
flight such as servos, motor, GPS, RC receiver, radio modem, etc. to 
transfer energy and data. To satisfy the demands and to overcome 
the unpredictability and uncertainties of solar energy, an electro- 
nic circuit which is called MPPT (Maximum Power Point Tracker) 
is required. MPPT keeps the current and voltage working for a 
maximum power regardless of changes in atmospheric conditions 
or load and optimizes the utilization of PV cells. Also, using MPPT 
as a supplement of the flight system lets more excess power 
charge the battery. So the power supply system is consisted of PV 
cells, MPPT and the battery. As it can be seen in Fig. 4, the MPPT 
directly connects to the battery and has the same voltage. The 
power requirement for climbing from launch is 12 times that of 
the power required for level flight. To size an array for this power 
output would be impracticable as the array would be designed for 
a peak demand that lasts a very small percentage of the total 
flight time. Secondly, when the model is cruising in good light 
conditions and/or at low throttle settings the array will be forced 
away from its maximum power point. By placing a battery 
between the MPPT and the motor controller both these problems 
can be addressed. The battery can supply the necessary current 
for a short burst of power required for the climb from launch, and 
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Fig. 3. Schematic of electric devices in a solar-powered aircraft [53]. 
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PV Array Boost Converter Battery 
(MPPT) 
Fig. 4. Power supply schematic. 
dP/dV =0 


mp 


Vinp Voc 


Fig. 5. Different positions on the power characteristic of a PV module. 


when the power produced by the array is greater than the 
demand of the power train then this power can be stored by 
charging the battery (this is limited by the capacity of the 
battery). This will maximize the harvest of available solar radia- 
tion. Lithium-Polymer batteries are cheap, and readily available in 
a range of voltages and capacities. They are used extensively in 
model aircrafts and have higher discharge rates than other 
technologies which come at the expense of energy density. The 
typical energy density of Lithium-Polymer batteries designed for 
radio control aircrafts is in the vicinity of 140 Wh/kg [27]. 

A well-designed MPPT can be mentioned as an important key 
to a high endurance flight. The specifications for the circuit design 
must be done according to the target of the flight and electrical 
conditions at which the aircraft will operate. Designing of the 
MPPT circuit can include the following features [28]: 


e Monitoring the input and output voltage and current as well as 
board temperature. 

e Capability to report these measurements over the network. 

e Continuous circuit adjustments to achieve maximum effi- 
ciency. 

e Ability to shut down or throttle gracefully to prevent compo- 
nent failure. 

e Physical switches to isolate the MPPT from the solar array and 
battery array in an emergency situation. 


Considering Fig. 5 which illustrates P-V and I-V curves [29], 
the maximum produced power by PV cell is where P has its most 
value and this occurs at the knee of the curve. The fundamental 
idea behind using MPPT is to keep the power as close to this 
maximum power point using maximum power point tracking 
algorithms. Hence, a processor is being used to implement the 
desired tracking algorithm after measuring voltage and current 
coming from the cells by means of measurement. The power can 
be calculated and the output voltage of the solar array can be 
altered to maximize power by a micro-controller which regulates 


the gain of a DC-DC converter. The typical operating voltage of 
brushless DC motors for radio controlled aircrafts is approxi- 
mately 12 V. For this reason, the MPPT designed for such projects 
adopts a boost converter topology [27]. 


3.2. Components of MPPT 


From the latest explained part, micro-controllers, DC-DC 
converters and means to measure voltage and current are the 
main components of the circuit for maximum power point 
tracking. Hence, smart choice of these components plays an 
important role for an efficient flight. 


3.2.1. Micro-controllers 

Micro-controllers are consisted of resistors and capacitors. 
They control the gain of the DC-DC converter as well as the 
implementation of the MPPT algorithms. For easy removal of the 
program microcontrollers, a zero insertion socket can be used in 
the circuit. Using nanoWatt technologies, parameters such as 
small size, low power consumption and the output numbers must 
be considered while selecting controllers. In addition, the number 
of outputs should be adequate to support the required connec- 
tions of motor speed controller and MPPT of the solar Unmanned 
Aerial Vehicle (UAV). 


3.2.2. Means of measuring voltage and current 

For measuring voltage, a device containing two resistors can 
be used. The power loss due to voltage sensing of these resistors is 
relatively small comparing with other power losses [26]. Voltage 
can be measured and converted into a digital value directly by the 
microcontroller’s built-in analog to digital converters [28]. For 
measuring the current, the output current of the converter can be 
measured by using a shunt resistor. The voltage drop across a very 
low ohmic shunt resistor gets amplified by a current sense 
amplifier and feeds to one of the analog in pins of the micro- 
processor. Due to noise across the current sense resistor, adding a 
differential filter to the inputs greatly improves the quality of the 
output of the amplifier [27]. Current also can be measured using 
current sensing integrated circuits. These ICs measure the current 
and convert it to an analog voltage that is easily readable by 
microcontroller. It is also possible to measure the current using a 
resistor network, but this method is not as precise as measuring it 
directly [28]. 


3.2.3. DC-DC converters 

DC-DC converters convert one DC voltage level to another 
level. These converters store the input energy in magnetic or 
electrical storing elements (inductor, capacitors) temporarily 
to release it at a different voltage. For controlling these compo- 
nents, an external signal, which is depended on the programmed 
algorithm, drives a transistor switch which opens and closes 
periodically [30]. As it can be seen in Fig. 6a, when the switch is 
closed, the diode in the circuit gets reverse bias and the supplied 
current by the source stores energy in a magnetic field (inductor). 
Opening the switch (see Fig. 6b) makes the diode in the circuit to 
get forward bias, the current redirects to the load and the stored 
energy in the inductor releases. The duty cycle represents the 
fraction of time the switch is on divided by the period of the 
waveform applied to the gate of the switch. If the duty cycle is 
increased, the output voltage increases and conversely if the duty 
cycle is decreased, the output voltage decreases [31]. Selecting 
capacitors and inductors should be done based on the required 
inductance and capacitance values, the saturation current and the 
working temperature range. Schottky diodes are the most com- 
mon diodes used in DC-DC converters operating at very low 
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q=1 


Fig. 6. (a) Boost DC-DC converter—opened switch status. (b) Boost DC-DC 
converter—closed switch status. 


voltage and high switching frequencies. Schottky diodes have a 
forward voltage drop of between 0.3 and 0.5V compared to 
approximately a volt for conventional p-n junction diodes which 
reduces conduction losses. Schottky diodes also switch extremely 
fast leading to negligible switching losses [31]. 


3.3. Weight and cost of MPPT 


In designing MPPT for a solar-powered aircraft, size, weight, 
the flight objective and costs are the other citable parameters that 
should be considered according to the expected duties. A light- 
weight and efficient MPPT device for a solar-powered aircraft is 
shown in Fig. 7 and Fig. 8 illustrates the schematic of a Lithium- 
Ion battery, cells and MPPTs for a solar-powered aircraft with 
3 parted arrayed cells on the wing structure. Table 2 pre- 
sents the costs, models and the quantity of the circuit com- 
ponents for maximum power point tracking in a solar-powered 
UAV [27]. 

Weight of the MPPT device as an effective parameter on the 
total weight of a solar-powered aircraft can be calculated using 
the following equation where Kmpp; is the mass to power ratio of 
the MPPT (kg/W) [32]. 


Mmppt = KmpptP maxpy (6) 


3.4. MPPT algorithms 


The MPPT control algorithm is usually applied in the DC-DC 
converter, which is normally used as the MPPT circuit. Suggested 
algorithms for MPPT systems vary in different points of view as 
follows [33]: 


Fig. 7. A lightweight and efficient MPPT device [27]. 


Fig. 8. Schematic of the solar generator [53]. 


Table 2 
Costs, models and the quantity of circuit components [27]. 


Component Quantity Price 
Microcontroller-PIC16F88 1 5.40 
Schottky diode-STPS10L25D 1 2.39 
Inductor-DR127-470-R 1 2.88 
Capacitors 1 5.50 
Current Sense Amp-Max4080 1 3.95 
Resistors 4 0.80 
5 V regulator 1 0.75 
PICProto 18 1 9.95 
MOSFET-IRF3707Z 1 2.73 
MOSFET Driver-TC4427A 1 1.96 
Crystal-20 MHz 1 0.58 
Total 1 36.89 
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Accuracy: demonstrates the ability of the algorithm to reach to 
the actual maximum power point. 

Speed: indicates how fast an algorithm can reach a stable 
point. 

Power consumption (efficiency): introduces how much power 
the algorithm consumes considering the transferred power 
through the circuit (the algorithm and the MPPT circuit are both 
effective with regard to the efficiency). 

Complexity and cost are other features of MPPT algorithm 
which depend on the expected activities of the circuit as well as 
the duration and objective of the flight. The costs and complexity 
are logically higher for a MPPT which reports the measurements 
on a network, utilizes adaptive duty cycle techniques, is armed 
with emergency shutdown option and adjusts the desired track- 
ing more continuously. Also, if the algorithm is complicated, more 
engineers are needed to be employed for designing, programming 
and implementation to achieve desired results. Furthermore, a 
complicated algorithm needs a capable processor for calculating, 
which affects the total cost of the system. Although different 
MPPT algorithms are programmed, designed and implemented 
till now but optimizing these algorithms or presenting new 
algorithms and methods are still the interested fields of many 
researchers. Hill climbing methods [34], incremental conductance 
[33,35,36], P&O (Perturb and Observe), dp-P&O [37-39], fully 
analog algorithms, and advanced digital algorithms using artificial 
intelligence such as neural networks or fuzzy logic algorithms 
[25,33,40-42] are some of the popular algorithms which can be 
employed in the MPPT circuit of a solar-powered aircraft. P&O 
algorithms are of the so-called hill climbing methods. In these 
algorithms, the current and voltage are measured on the output of 
each DC-DC converter and the calculated power once compared 
with the previous value allows changing the gain into the correct 
direction. Due to their simplicity, low computational demand and 
accuracy, P&O algorithms are one of the most popular MPPT 
algorithms especially when optimizations are done [43]. Many of 
more complex algorithms rely on frequent tuning of parameters, 
whereas P&O is highly adaptive and works with no knowledge of 
the hardware on which it runs [33]. Conventional P&O algorithms 
suffer from some limitations. In steady state operation, they have 
oscillation around MPP and their response speed is lower than 
more advanced algorithms. In addition, they are not efficient 
under rapidly changing atmospheric conditions [44,45]. To over- 
come these limitations, efforts are done and optimized P&O 
algorithms are obtained using an additional measurement of the 
solar array’s power in the middle of the MPPT sampling. These 
algorithms work based on the fact that in case of the V-P 
characteristic, on the left of the MPP the variation of the power 
against voltage dP/dV> 0, while at the right, dP/dV <0 (Fig. 5). If 
the operating voltage of the PV array is perturbed in a given 
direction and dP/dV > 0, it is known that the perturbation moved 
the array’s operating point toward the MPP. The P&O algorithm 
would then continue to perturb the PV array voltage in the same 
direction. If dP/dV < 0, then the change in operating point moved 
the PV array away from the MPP, and the P&O algorithm reverses 
the direction of the perturbation [46]. Figs. 9 and 10 illustrate the 
flow charts for P&O and dP-P&O algorithms. 

In addition to the mentioned algorithms, Fuzzy Logic Control 
(FLC) algorithms are another citable type of algorithms which can 
be employed for MPPT systems. FLC systems are fast in tracking 
MPP and have simple design and high performance. Furthermore, 
FLC algorithms are independent from knowing the exact model 
of the system. It is showed that FLCs present faster response 
than conventional P&O techniques but their disadvantage is 
that they gain more energy than the other methods [25] and 
this gives limitations for employing them in solar-powered 
aircrafts. Conventional PRO method fails to track MPP when the 


atmospheric condition is rapidly changed but this method works 
well in the steady state condition (when the radiation and 
temperature conditions change slowly). Irradiation can change 
relatively quickly due to weather conditions, e.g. passing clouds 
and very fast changes corresponding to a variation of the rated 
power from 15% to 120% within 500 (ms) were reported (for small 
systems) [47]. Nevertheless, the probability of such fast irradia- 
tion changes is extremely low [46] and this makes P&O methods 
suitable for being employed in MPPT circuit of a solar-powered 
aircraft. 


3.5. Efficiency of MPPT 


Each introduced MPPT circuit components affects the total 
efficiency of the MPPT due to their related power losses. By 
adding all the related power losses, the total power loss will be as 
follows [26]: 


Prost = Pissar Plossisense + Pronduct +Peq—cap + Peate 
+ PingPMOSFET jos + Pindyes (7) 


( START ) 
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Fig. 9. Flowchart of P&O algorithm [46]. 
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Fig. 10. Flowchart of dP-P&O algorithm [29]. 
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Fig. 11. MPPT installed in a fuselage [27]. 


where the parameters of the above equation to obtain total power 
loss are power loss due to voltage sensing (Piossy..,,.)» power loss 
due to current sensing (Pioss,,.,.)» Conduction loss (Peonduct), diode 
equivalent capacitance power loss (Peq-cap), charge of the gate 
power loss (Pgate), power loss in the MOSFET drivers (PingP MosFET;..) 
and the power loss in the inductors (Ping,,,)- 

At a maximum power Pmax of W, the output will be 


Pout = Pmax—Piost (8) 


And eventually, efficiency of MPPT can be calculated employ- 
ing the above and the following equations. 


P 
Nmppt = P (9) 


It is specified that the efficiency of MPPT should be over 90% to 
be considered as a well-organized device [48]. 


3.6. Testing MPPT 


After designing and constructing the MPPT must be tested 
in varying light conditions for observing the performance. Also, 
due to high frequency switching of the converter, interference 
between MPPT and the radio controller may occur. The noise 
caused by the converter can affect the radio control system and 
this may lead to the loss of an aircraft which does not have an 
autopilot system [27]. Hence, MPPT should house in the fuselage, 
Fig. 11 illustrates a completed MPPT installed in the fuselage of a 
solar-powered glider. Running MPPT at its maximum power and 
testing the performance of transmitter from a far desired distance 
ensures that there is no interference between MPPT and the 
control system for a safe flight. 


4. Thermal analysis 


Temperature of the cells is a function of several variables such 
as cell material, packing factor, thermal mass of PV modules, local 
wind speed and ambient weather conditions. The solar cell can 
not convert all of the photovoltaic energy directly into electricity. 
So as a result of the conversion loss and different kinds of heat 
transfer which will be discussed, PV cell is expected to operate at 
a temperature higher than the temperature of the ambient air. Tc 
is then dependent on the ambient temperature T, and on the solar 
irradiance. The variation of cell temperature can be estimated 


with the ambient temperature via Eq. (10). 


Tc =Ta+ (NOCT-—20) (soo) (10) 
where Ta is the ambient temperature, and NOCT is the normal 
operation cell temperature when operating at open circuit with 
the following conditions: ambient temperature of 20 °C, AM 1.5, 
irradiance of G=0.8 kw/m? and wind speed less than 1 m/s [49]. 
Another formulation which can be used for steady state or slowly 
changing conditions to estimate T, is [50] 


Te = Ta + krGpoa a1) 


where Gpoa is the instantaneous plane-of-array irradiance and 
coefficient kr strongly depends on the way that PV module is 
mounted (openrack, ventilated or unventilated roof mounting, 
etc.), wind speed (v) and also on the module type [50]. Tempera- 
ture in areas with low temperature can be directly estimated by 
the following equation too [51]. 


Te=Ty+ AT (E), O0<AT <3°C (12) 
where T, is the temperature on PV back surface and AT is a 
predetermined temperature difference. A known model which 
relates the cell temperature to efficiency is represented in Eq. (13) 
where 7, and To have the standard reference test conditions 
quantities [20] which discussed before and in order to find T,, 
Eq. (12) can be employed. 


n=n, [1-B(Tc— To)] (13) 


In the above equation, f, which is dependent on the PV 
material, stands for the temperature coefficient of a PV module 
and is suggested equal to 0.0048 °C~! for silicon [20]. From 
Eq. (13) it can be concluded that the efficiency decreases from 
its reference amount while temperature of the cell increases. 
Performing cooling tests, it is realized that the power degradation 
due to heat is 0.38% for every 1°C over 25°, and for the 
temperature of the flight day, the loss can be calculated [52]. 
The array will be heated up to 65°C in a day with average 
temperature of 35 °C when the cell is exposed to the sun, which 
results in loss of efficiency but the air flow cooling over a wing 
without a cover decreases the temperature to about 20 °C in less 
than 1 min at the speed of 50 Km/h. The cooling is much slower 
when the wings are covered and the temperature reaches 50 °C 
after 5 min for the same speed [53]. Speed of the aircraft as well 
as blowing wind cause cooling of the cells on the wings. The wind 
which blows from the opposite direction of flight has a more 
positive effect on power consumption. In addition to cooling of 
the cells, wind boosts up the lift force and less power is required 
during the flight. Cooling effect should be considered as an 
important parameter while designing the aircraft, selecting the 
cells as well as determination of the type of covering. This can 
result in buying less in amount or cheaper cells, and also higher 
flight endurance. 


5. Energy balance 


Investigation of the energy balance characteristics around the 
surface control which is the arranged PV cells on the airfoil of a 
solar-powered aircraft is presented in this section. In this case, 
3 different kinds of thermal energy are flowing during the flight 
and cause different types of heat transfer (conduction, convection 
and radiation (see Fig. 12)). Thermal energy balance is given 
below: 


Torv. = Iona. A Grad. (14) 
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q" conv. 4’ rad.=Gs 


Fig. 12. Heat transfer scheme for the airfoil. 


Eq. (15) explains the convection heat transfer as follows: 
Feonw: = h(T;—Ta) a 5) 


where h is the convection coefficient and is consisted of the sum 
of free and force convection coefficients: 


h= hforce F hfree a 6) 


The forced convection coefficient can be approximated as a 
function of wind speed using the Nusselt-Jurges correlation [54] 
which is given by 


5,6212+3.9252( Vwind), Vwind < 4-88 m/s 


(3B.29Vwind)? 8, 4.88 < Vwina < 30.48 m/s 


And free convection coefficient for a flat plate as well as the 
airfoil of an aircraft (for the Reynolds numbers which will be 
discussed) can be calculated from the following equation: 


hyree = 1.314/T.—Ta (17) 


According to Eq. (18), convection coefficient is dependent on 
Nusselt number, and L is the length of the surface control in 
meter. 


nu kair 


I=- 


(18) 

It is citable when Reynolds number is R < 5 x 10°, the Nusselt 
number and convection coefficient for the airfoil can be calculated 
almost the same as flow across a flat plate due to fully laminar 
flow over the surface of the airfoil [55]. So it should be noted that 
Eq. (16) can be used for the calculation of convection coefficient 
on the wings of a solar-powered UAV, because the Reynolds 
number is not that high in UAVs according to the cruise air speed 
during the flight. 

Eq. (19) shows that conductive heat transfer is related to 
conduction coefficient (K), width (y), the temperature of the cell 
and the surface. 


—2K(T,-T. 
Mona. = a (19) 


Considering the cover on the PV cells to form the airfoil shape 
of the wing structure as well as fastening and protecting the cells 
in flight, for a solar irradiance G, the part which crosses the cover 
is tG where T is the transmittance of the cover system for diffuse 
radiation. The part absorbed by the photovoltaic cells is «tG and « 
is the absorption coefficient [20]. 


Grad = XTG (20) 


Various kinds of covering and mounting methods will result in 
different output powers at the same conditions. Table 3 repre- 
sents some of these methods and the experimental loss of array 
efficiency in a solar powered-aircraft. 


Table 3 
Loss of array’s efficiency for different covering 
methods [52]. 


Method Loss (%) 
Mylar cover 10 
Transparent duct tape—full 5 
Transparent duct tape—borders 1.5 
Micro glass cover 20 


Fig. 13. Variation of incidence angle in cambered arrangement [53]. 


6. Deviation from tilt angle and geographical location 
of the flight 


Considering the geographical location of the flight, the max- 
imum irradiance and duration of the day in different seasons is 
not same. Due to low sun elevation in winter, duration of the day 
and the maximum irradiance decrease. Hence, achieving a con- 
tinuous flight will be easier in summer. Also to obtain a high 
endurance flight, the flight orientation should be considered 
according to the geographical location. Daily solar energy per 
square meter obtained by a horizontal surface is dependent on 
geographical location, time, cell orientation and weather condi- 
tions and is presented in Eq. (21) (sinusoid model) which can 
approximate daily solar energy density using maximum irradi- 
ance in a day (Imax) and duration of the day (T4ay). In order to take the 
cloudy days into account, 4wenr which is a constant with a value 
between 1 (clear sky) and 0 (dark) is used in this equation [53]. 


ImaxT 
Eday density = = a (21) 


To keep aerodynamic shape of the wings, the cells be arranged 
in an arbitrary tilt angle and their arrangement is restricted. So, 
cells should be arrayed horizontally inside the wing structure or 
follow the cambered airfoil depending on design, and this results 
efficiency drop. Furthermore, in a series of cells the one which 
receives the lowest irradiance limits the current for the others. 
This problem occurs according to changes in the flight orientation 
or when the sun elevation is low (sunrise or sunset). As it is 
shown in Fig. 13, the angle 0; has the smallest elevation angle and 
will penalize the other cells. So to obtain high efficiency, arrange- 
ment and keeping the same orientation of the cells should be 
taken into consideration. Simulations have showed that the 
cambered shape decreases the obtained energy by almost 10% 
during a whole day and to take this effect into account, a new 
efficiency camber Which is above 90% should be considered in Eq. 
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Solar Maximum Power Battery Motor Motor Gearbox Propeller 

Panels Point Tracker Controller 

17% 97% 95% 87% 9% 85% 
16.5% ] 15.7% 16w 129% 11% 


Fig. 14. Energy conversion procedure [32]. 


(22) to calculate the total produced electric energy from the cells 
of the wings [53] where Nmppt is the efficiency of the maximum 
power point tracker and Asc is the surface of solar cells in meter. 


Taal a 
Eelec total = 7 Asc camber wthrscM mppt (22) 


7. Summary and conclusion 


To recapitulate, important parameters which influence the output 
power and efficiency of PV cells should be taken into considera- 
tion for achieving desired performance in a solar-powered aircraft. 
Designing an efficient and lightweight MPPT device to make voltage 
and current work for a maximum power is a way of reaching to a 
high endurance flight. Furthermore, type of covering and mounting of 
the cells affect the received solar radiation, amount of heat transfer on 
the wings and the output power. Temperature of the cells decreases 
during the flight and causes increase in efficiency. So this would be a 
significant factor while designing the aircraft, selecting the cells and 
covering the wings. Also, this influences the weight, price and the 
flight duration. Arraying the cells horizontally and not following the 
optimum tilt angle (because of keeping the airfoil shape of the wings) 
leads to efficiency degradation. Furthermore, insufficiency of receiv- 
ing irradiance in one cell due to cambered arrangement results lower 
received current for the other cells. So arrangement type and 
considering the cooling effect which make up the negative impacts 
should be considered in an optimal design. The wind which blows 
from the opposite side of the flight causes lift force and less power is 
required for flight in this situation. In addition, wind also decreases 
temperature of the cells because of convection heat transfer. Hence, 
considering wind direction and its speed plays an important role in 
power consumption while selecting flight route and objective defini- 
tion (especially when flight duration is a major matter). Geographical 
location and flight orientation are the other discussed factors which 
influence received radiation and power generation during the flight. 
As discussed through this paper, a continuous flight is dependent on 
appropriate designing and selecting efficient devices which lead to 
less total power loss. Fig. 14 illustrates efficiency of each component 
and energy conversion procedure for a solar-powered aircraft. 
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